
 1 

 2 

 3 

The Vertical Distribution of Cloud Feedback  4 

in Coupled Ocean-Atmosphere Models 5 

 6 

 7 

Brian J. Soden 8 

Rosenstiel School for Marine and Atmospheric Science 9 

University of Miami 10 

 11 

Gabriel A. Vecchi,  12 

Geophysical Fluid Dynamics Laboratory 13 

National Oceanic and Atmospheric Administration 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Submitted to Geophysical Research Letters 22 

March 2011 23 

 24 

 25 

 26 

 27 

 28 

____________________ 29 

Corresponding author:  Dr. Brian J. Soden, Rosenstiel School for Marine and Atmospheric Science, 30 

University of Miami, 4600 Rickenbacker Cswy., Miami FL 33149.  31 

Tel: (305) 421-4202, Fax: (305) 361-4457, email: bsoden@rsmas.miami.edu 32 

33 



 1 

 34 

Abstract: We assess the vertical distribution of cloud feedbacks in coupled climate models, 35 

taking care to distinguish between cloud feedbacks and a change in cloud forcing. We show 36 

that the effect of cloud changes on the longwave fluxes provides a strong positive feedback 37 

that is broadly consistent across models. In contrast, the effect of cloud changes on the 38 

shortwave fluxes ranges from a modest negative to a strong positive feedback, and is 39 

responsible for most of the intermodel spread in net cloud feedback. The feedback from high 40 

clouds is positive in all models, and is consistent with that anticipated by the Proportionately 41 

Higher Anvil Temperature hypothesis over the tropics. In contrast, low cloud cover is 42 

responsible for roughly three-quarters of the difference in global mean net cloud feedback 43 

among models, with the largest contributions from regions associated with subtropical 44 

stratocumulus cloud systems. 45 

 46 

1. Introduction 47 

Climate models exhibit a large range of sensitivities in response to increased greenhouse gas 48 

concentrations and much of this discrepancy is attributable to differences in their treatment of 49 

clouds (Cess et al. 1996, Bony et al. 2006; Stephens 2005, Webb et al. 2006). It is useful, 50 

when approaching this problem, to understanding which aspects of cloud feedback are 51 

consistent across state-of-the art comprehensive climate models and which are not. The 52 

consistent aspects presumably derive from a robust physical mechanism in these models, 53 

while the inconsistent aspects are more likely to arise from details of the physical 54 

parameterizations that are specific to an individual model. By identifying the robust aspects 55 

of cloud feedback, we hope to facilitate theories that can explain the behavior, thereby 56 

increasing our confidence in this common response. Similarly, by highlighting those aspects 57 

of cloud feedback which differ among models, we hope to identify regions or types of clouds 58 

where improvements in modeling are definitely needed.  59 

 60 

Several studies have diagnosed climate feedbacks in GCM simulations prepared for the 61 

Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC-AR4; Bony et 62 

al. 2006, Forster and Taylor 2006, Ringer et al. 2006, Soden and Held 2006, Soden et al. 63 

2008, Webb et al. 2006, Dufresne and Bony 2008, Zelinka and Hartmann 2010). Cloud 64 
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feedback has been demonstrated to be the dominant source of intermodel spread in climate 65 

sensitivity in these models and low-level clouds are believed to be the primary contributor to 66 

this spread (Webb et al. 2006, Williams and Tselioudis, 2007, Medeiros et al. 2008). Other 67 

studies have also identified systematic biases in the model simulations of low cloud cover 68 

and its response to changes in climate (Zhang et al. 2005, Bony and Dufresne 2005, Clement 69 

et al. 2009). Others have argued that much of the uncertainty arises from rapid cloud 70 

adjustments that are a direct response of clouds to changes in carbon dioxide rather than to 71 

changes in surface temperature (Gregory and Webb 2008, Andrews and Forster 2008).  72 

 73 

In this study, we extend the above analyses by looking at a larger group of modeling results 74 

with an emphasis on the horizontal and vertical structure of cloud feedback. The regional 75 

patterns of cloud feedback are presented separately for low and high clouds, on the basis of 76 

their impact on shortwave and longwave fluxes. We are also careful to distinguish between 77 

cloud feedbacks and changes in “cloud forcing”. However, because we are analyzing 78 

transient simulations from coupled models, we are not able to distinguish changes which may 79 

arise directly from CO2 increase from those which are a response to surface temperature 80 

change. By analyzing cloud feedback as a function of region and altitude, we provide a 81 

clearer picture of the physical processes which underlie the intermodel spread in global mean 82 

cloud feedback and highlight several aspects of cloud feedback which are robust across 83 

models.   84 

 85 

2. Data and Methods 86 

We use the World Climate Research Programme's (WCRP's) Coupled Model 87 

Intercomparison Project phase 3 (CMIP3) multi-model dataset (formerly known as the IPCC-88 

AR4 database) to identify patterns of robust and non-robust behavior in cloud feedback 89 

across models. Analyses are performed for climate change simulations from 12 different 90 

coupled climate models integrated under a transient climate change scenario in which 91 

atmospheric CO2 increases at 1% per year until the concentration of CO2 is doubled, at which 92 

point the concentrations are held constant for the remainder of the integration. Table 1 in the 93 

supplementary material summarizes the models used here. For each of the models we use 94 

only one ensemble member. 95 
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 96 

We estimate cloud feedback using as input the change in cloud radiative forcing, defined as 97 

the difference in net radiation R at the top of the atmosphere between clear-sky and total-sky 98 

conditions; CRF = Rclr - R. We examine the change in cloud radiative forcing between the first 99 

20 years and last 20 years of the 21
st
 Century and normalize this difference by the 100 

corresponding change in global mean surface temperature (denoted as CRF).  101 

 102 

However, as shown by Colman (2003) and Soden et al. (2008), to correctly interpret the 103 

changes in cloud radiative forcing as a cloud feedback, one must account for the effects of 104 

clouds in masking both the external radiative forcing and the non-cloud feedbacks. For 105 

example, an increase in CO2 while holding all other variables fixed would reduce the contrast 106 

between the clear-sky and total-sky fluxes, resulting in CRF < 0 even though no changes in 107 

cloud (or other variables) had occurred. Similar biases arise in CRF from changes in 108 

temperature, water vapor and surface albedo. In this study, we adjust the cloud radiative 109 

forcing to correct for these effects using the method outlined in Soden et al. (2008). As 110 

demonstrated in that study, the adjusted change in cloud radiative forcing provides a more 111 

accurate description of the regional structure and sign of cloud feedback. This correction has 112 

its largest effect on the longwave forcing, tending to make longwave cloud feedback more 113 

positive than the change in longwave cloud forcing.  114 

 115 

3. Results 116 

3.1 Regional structure of multi-model means 117 

The left-hand column of Figure 1 displays maps of the multi-model ensemble-mean net cloud 118 

feedback (top), longwave cloud feedback (middle) and shortwave cloud feedback (bottom) 119 

for annual mean conditions in response to a doubling of CO2. The right-hand column 120 

displays the corresponding maps of the number of models (out of a total of 12) for which the 121 

annual mean cloud feedback is positive, and provides insight into the commonality of the 122 

patterns noted in the multi-model mean. Positive values of net cloud feedback dominate the 123 

multi-model mean, with maximum values occurring over convectively active land and ocean 124 

regions. Positive feedbacks are also found over the majority of subtropical to mid-latitude 125 
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oceans and over virtually all land regions. Negative values of net cloud feedback are 126 

generally restricted to the high latitude southern oceans and the northern Atlantic. Maps of 127 

the net cloud feedback for each of the individual models are provided in the online 128 

supplementary material (Supplementary Figure S1).  129 

 130 

When separated into the longwave (LW) and shortwave (SW) components, the LW feedback 131 

is positive over most ocean regions, with a distinct maximum along the equator, and near-132 

neutral to slightly negative values over many subtropical land regions. In contrast, the SW 133 

cloud feedback is positive over most land regions, but can be either positive or negative over 134 

the oceans. In particular, the negative net feedback over the high-latitude oceans is 135 

attributable to a strong negative SW feedback from clouds. The equatorial Pacific is also 136 

characterized by a strong negative SW feedback, but it is more than compensated for by a 137 

large positive LW feedback. These large, but offsetting values of LW and SW feedback 138 

coincide with regions of increased convective mass flux which is generally restricted to the 139 

equatorial Pacific in these models (Vecchi and Soden 2007.a). The equatorial Pacific is also 140 

one of the few regions which show a consistent increase in cloud cover, liquid water path and 141 

ice water path in the models (Figure 2).  142 

 143 

Following Webb et al. (2006), we separate the net cloud feedback into contributions from 144 

high, low, and mixed clouds based upon their SW and LW values. Low clouds are 145 

distinguished by having a large feedback in the SW (either positive or negative), but little 146 

effect on the LW; whereas high clouds are distinguished by having large, but opposing 147 

feedbacks in both the SW and LW. The “mixed” category refers to regions which have 148 

feedbacks in the LW with no change in the SW or a change which is of the same sign. The 149 

feedback from mixed clouds are generally positive and interpreted as regions which 150 

experience an increase in thin high clouds and either no change or a slight reduction in low 151 

clouds. The reader is referred to Webb et al. (2006) for complete details on this method. 152 

 153 

Maps of the multi-model mean net radiative feedback from high (top), mixed (middle) and 154 

low clouds (bottom) derived in this fashion are shown in Figure 2 (left-hand column). High 155 

clouds provide a positive feedback in a narrow belt along the tropical convergence zones, due 156 
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primarily to the large positive feedbacks on the longwave fluxes noted above. This feature is 157 

a robust projection of the models - the vast majority of which simulate a positive high cloud 158 

feedback over this region, and this is the only region for which such commonality in the sign 159 

of the response is found.  160 

 161 

The similarity of the response suggests a simple underlying mechanism. Zelinka and 162 

Hartmann (2010) have shown that model predictions for high clouds are consistent with the  163 

“Proportionately Higher Anvil Temperature” (PHAT) hypothesis – a modification of the 164 

“Fixed Anvil Temperature” hypothesis originally proposed by Hartmann and Larson (2002). 165 

Zelinka and Hartmann (2010) show that assuming the high‐cloud temperature follows the 166 

upper tropospheric convergence‐weighted temperature provides an excellent prediction of the 167 

longwave cloud feedback in the AR4 models. The tendency of the tropical cirrus anvils to 168 

conserve cloud top temperature reduces the rate at which the TOA LW emission will increase 169 

in response to a surface warming and results in a positive feedback. We note that the 170 

uniformity of the high cloud feedback in the absence of any similarly-uniform changes in 171 

cloud amount or ice water path (Figure 2, right-hand column) is consistent with a feedback 172 

which results from a vertical re-distribution of clouds, rather than a change in cloud amount 173 

or optical properties.  174 

 175 

In contrast to high clouds, the low cloud feedback (Figure 2, lower left) is positive over low 176 

to middle latitude ocean and land areas, consistent with a reduction in cloud amount (Figure 177 

2, lower right) and liquid water path (Figure 2, upper right) in these regions. The changes in 178 

cloud cover are predominantly negative and likely tied to the widespread reduction in free-179 

tropospheric relative humidity in these models. In response to increased CO2, the marine 180 

subtropical regions in these models generally exhibit increased mid-tropospheric subsidence 181 

(e.g., Lu et al. 2007, Vecchi and Soden 2007.a) and an associated decrease in lower 182 

tropospheric relative humidity (e.g., Vecchi and Soden 2007.b). It is worth noting, however, 183 

that most GCMs underestimate both the low cloud amount (Zhang et al. 2005) and their 184 

sensitivity to interannual SST changes (Bony and Dufresne 2005).  185 

 186 

Low clouds are also responsible for the regions of negative net cloud feedback over the high 187 



 6 

latitude southern and northern Atlantic oceans. The regions of negative low cloud feedback 188 

are associated with substantial increases in the cloud liquid water path, but little change in 189 

cloud amount; implying that it is the brightening of existing clouds which is primarily 190 

responsible for the negative feedback. These are associated with the poleward shift of storm 191 

tracks which results in the location of a positive feedback on their equatorial flank. 192 

 193 

3.2 Intermodel differences 194 

To investigate the contribution of LW and SW cloud feedbacks to the intermodel differences 195 

in net cloud feedback, Figure 3 (left) plots the global, annual-mean SW and LW cloud 196 

feedback against the net cloud feedback for each of the 12 models. The global-mean net 197 

cloud feedback ranges from ~0.25 W/m
2
/K to ~1.5 W/m

2
/K. All models show a positive 198 

global-mean LW cloud feedback (squares), with the majority of models clustering near 0.5 199 

W/m
2
/K. However, there exists little relation between a model’s LW and net cloud feedback, 200 

although a slight tendency for larger LW feedbacks to be associated with smaller net 201 

feedbacks is evident. In contrast, the SW cloud feedback (circles) exhibits a noticeably larger 202 

range (-0.5 to 1.25 W/m
2
/K) and explains almost all of the intermodel variance in net cloud 203 

feedback (r
2
=0.91).  204 

 205 

Figure 3 (right) plots the global-mean high, mixed and low cloud feedback versus the 206 

corresponding total cloud feedback for each model. Since the sum of the high, mixed, and 207 

low cloud feedback add up to the total feedback, the slope of the regression line (listed in 208 

parentheses) provides a measure of the contribution of each cloud type to the intermodel 209 

range of the total feedback. The intermodel spread in the net cloud feedback is largely 210 

attributable to discrepancies in their projected feedback from low clouds, which contribute 211 

roughly 75% of the intermodel spread. Differences in high cloud feedback are responsible for 212 

only about 7% of the spread in total cloud feedback, and the feedback from mixed clouds 213 

contributes the remaining 18%.   214 

 215 

To further assess which cloud types are responsible for the intermodel differences in net 216 

cloud feedback, we regress the local change in cloud amount for each model against the 217 

corresponding global mean net cloud feedback for that model. The regressions are computed 218 
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across model space using annual mean values for all 12 models.  A map of the regression 219 

slope (Figure 4) highlights those areas for which the intermodel spread in global mean net 220 

cloud feedback is most strongly associated with the changes in cloud cover in that region. 221 

The largest regional contributions to the intermodel spread in cloud feedback occur over 222 

areas typically associated with subtropical marine stratocumulus clouds. The values are 223 

negative in these regions, indicating that models with increased (decreased) marine 224 

stratocumulus cloud cover tend to have anomalously small (large) values of global-mean net 225 

cloud feedback. That is, the strong positive cloud feedback in high sensitivity models is 226 

primarily attributable to their simulated reduction in low-level marine stratocumulus clouds. 227 

As indicated in Figure 1, there is no consensus even in the sign of the net cloud feedback in 228 

these regions.  229 

 230 

4. Summary 231 

We compare the cloud feedback simulated in 12 coupled climate models from the CMIP3 232 

database (also used in the IPCC-AR4). Consistent with previous studies (Colman 2003, 233 

Soden and Held 2006, Soden et al. 2008) the total cloud feedback is neutral to positive in all 234 

models.  The consistently positive nature of the cloud response is primarily attributable to a 235 

strongly positive LW feedback, whereas the intermodel spread arises principally from 236 

differences in the SW feedback which ranges from modestly negative to strongly positive. 237 

We find that high clouds provide a relatively consistent and weakly positive feedback in 238 

these models, whereas low cloud feedback is variable in both magnitude and sign. The 239 

uncertainty in low clouds is shown to originate primarily from regions of subtropical 240 

subsidence and marine stratocumulus clouds, suggesting that efforts to reduce uncertainty in 241 

cloud feedback should focus on this cloud type. These results both support and extend 242 

previous work (e.g., Webb et al., 2006, Williams and Tselioudis 2007, Wyant et al. 2006) by 243 

quantifying the contribution of low clouds to the intermodel spread in global mean cloud 244 

feedback, and highlighting the robustness of positive longwave feedback by taking into 245 

account the distinction between cloud feedback and changes in cloud forcing.  246 

 247 

Low clouds are not only a source of inconsistency among models, but their simulation is also 248 

known to be deficient in most models. It has been shown that most GCMs underestimate the 249 
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occurrence of low-level clouds (Zhang et al. 2005); and underestimate their sensitivity to 250 

interannual SST changes (Bony and Dufresne 2005). Decadal trends in satellite-observed 251 

radiative fluxes also tentatively suggest a decrease in low cloud cover over the past two 252 

decades (Wong et al. 2005, Clement et al. 2009) which lies outside the current range of GCM 253 

simulations.  254 

 255 
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 319 

 320 

Figure 1.  Left: Maps of the multi-model ensemble mean net (top), longwave (middle), and 321 

shortwave (bottom) cloud feedback in units of W/m
2
/K. Right: The number of models (out of 322 

a total of 12) for which the cloud feedback is positive for net (top), longwave (middle) and 323 

shortwave (bottom).  324 
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 325 

Figure 2.  Left: Maps of the multi-model ensemble mean feedback from high clouds (top), 326 

mixed clouds (middle), and low clouds (bottom) in units of W/m
2
/K. Right: The multi-model 327 

ensemble mean change in cloud liquid water path (top), cloud ice water path (middle) and 328 

cloud amount (bottom) in units of %/K. All changes were first normalized by the global mean 329 

surface air temperature change before ensemble averaging.  330 
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 333 

 334 

Figure 3. Left: Scatter plot of the global mean net cloud feedback for each model as a 335 

function of the corresponding global mean LW (red) and SW (blue) feedback in that model. 336 

Right: Scatter plot of the global mean net cloud feedback as a function of the feedback from 337 

high clouds (red), mixed clouds (black cross) and low clouds (blue).  338 
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 343 

 344 

Figure 4 The intermodel regression of the global mean cloud feedback against the change in 345 

total cloud cover for the 12 models used (see Supplementary Table 1). Larger values of the 346 

regression slope (%/Wm
-2

) highlight those areas for which the intermodel spread in global 347 

mean net cloud feedback is most strongly associated with the local cloud cover change. 348 
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